Abstract Tomato spotted wilt virus (TSWV), the type species of the genus Tospovirus in the family Bunyaviridae, is one of the most economically important emerging plant viruses worldwide. It causes over US$1 billion losses annually in open field and greenhouse-grown crops. A study was carried out to determine the geographical distribution, host range and phylogeny of TSWV in Zimbabwe. Disease surveys were conducted in 18 districts over a three-year period using tospovirus immunostrips. Virus-infected leaf samples were collected on FTA cards and in RNAlater solution. TSWV was characterized by double antibody sandwich-enzyme linked immunosorbent assay (DAS-ELISA) and reverse transcription polymerase chain reaction (RT-PCR) followed by sequencing and phylogenetic analysis. The virus was detected in 50% of the districts surveyed, mostly in the country's prime agricultural region. It was confirmed to be present by DAS-ELISA and RT-PCR. In addition to some previously reported hosts, TSWV was detected for the first time in Cucurbita moschata, Cucurbita pepo, Cucumis sativus and Gyposphila elegans. Molecular analysis of the TSWV nucleocapsid gene showed that Zimbabwean TSWV isolates were highly similar (≥93.99%) and identical (99.02%) to each other at nucleotide and amino acid sequence levels. When compared to isolates from the rest of the world, Zimbabwean TSWV isolates were most closely related to isolates from Italy, Montenegro, New Zealand and Serbia. The study lays the foundation for future TSWV studies by providing protocols and procedures that could be used. Information generated in this study will be useful in formulating effective TSWV control measures.
Introduction
Tomato spotted wilt virus (TSWV), the type species of the genus Tospovirus in the family Bunyaviridae, is one of the most economically important emerging plantinfecting viruses worldwide (Tsompana et al. 2005; Pappu et al. 2009; Scholthof et al. 2011) . It causes losses estimated at US$1 billion annually for several important ornamental, food and cash crops worldwide (Goldbach and Peters 1994; Parrella et al. 2003) . It infects overTSWV has a tripartite single-stranded RNA genome consisting of the large (L), medium (M) and small (S) RNA segments. The L RNA encodes the RNAdependent RNA polymerase in the negative sense. The M RNA encodes two proteins: the non-structural movement protein (NSm) in the viral sense and the Gn-Gc glycoprotein in the nonviral sense. The S RNA encodes the non-structural protein (NSs) in the viral sense and the nucleocapsid (N) protein in the nonviral sense (Whitfield et al. 2005; Pappu et al. 2009 ). The TSWV virion is quasi-spherical, 80-120 nm diameter, and enveloped by a double membrane (German et al. 1992) . Currently, at least nine thrips (Thysanoptera: Thripidae) species are known to transmit TSWV in a persistent-propagative manner, with Frankliniella occidentalis Pergande being the primary vector (Riley et al. 2011; Rotenberg et al. 2015) .
The virus induces a wide range of symptoms in its hosts depending on environmental factors, host cultivar, pathogen strain and stage of host development (Sevik and Arli-Sokmen 2012) . Common symptoms include ringspots, line patterns, mottling and chlorotic blotches on leaves, severe stunting, wilting, and even plant death. TSWV-infected young tomato (Solanum lycopersicum L.) plants are characterized by inward cupping of leaves, bronzing and deformed fruits which show uneven ripening and raised bumps on the surface (Sether and DeAngelis 1992) . In pepper (Capsicum annuum L.), severe stunting and chlorotic or mosaic yellow flecking of leaves are observed in infected plants. Necrotic spots are also present on pepper fruits, which often display ring patterns (Turina et al. 2012) .
In Zimbabwe, TSWV was first reported infecting tobacco (Nicotiana tabacum L.) in 1940 (Hopkins 1940) . It was subsequently reported infecting at least 26 other vegetable, ornamental and weed species (Masuka et al. 1998; Nyamupingidza and Machakaire 2003) . Recent studies have pointed out that the worldwide TSWV host range is expanding (Pappu et al. 2009 ), in part due to agricultural diversification and intensification, climate change, mutations and virus introductions into new habitats due to global trade in agricultural commodities (Hoffmann et al. 2001; Sharman and Persley 2006) . New hosts are being reported mainly in tropical and sub-tropical environments where the disease is now prevalent (Robbins et al. 2010; Macharia et al. 2016 ). This necessitates the study of TSWV host range in a sub-tropical country like Zimbabwe.
Moreover, Zimbabwean TSWV records are outdated, with no new records since 1998 (Masuka et al. 1998) . The available records do not indicate how TSWV detection and characterization were done. In the last three decades, advances in the discipline of virology have revolutionized plant virus diagnostics. For example, modern virological studies incorporating molecular assays followed by phylogenetic analyses have been employed to help avoid ambiguity in tospoviral identification (Okuda and Hanada 2001; Sivparsad and Gubba 2008) . Correct TSWV identification is crucial for effective disease management.
In this study, we investigated the occurrence of TSWV in Zimbabwe. Specifically, we assessed the geographical distribution and host range, outlined protocols for the detection and characterization of Zimbabwean TSWV isolates, and assessed the phylogenetic relationship of Zimbabwean TSWV isolates to those isolates that occur worldwide.
Materials and methods
Sampling and field detection of tospoviruses TSWV disease surveys were conducted from December 2013 to October 2015 in 18 districts across six provinces of Zimbabwe (Fig. 1) . For Harare Province, the three surveyed districts were Harare East, Harare West and Harare North. The surveys targeted agricultural research institutions, irrigation schemes, plots, nutrition gardens, and commercial and communal farms where allyear-round cropping is practiced. Sampling was done in both open fields and greenhouses/ protected environments. Leaves exhibiting viruslike symptoms were tested on-site for tospoviruses before sample collection either onto FTA™ cards (Whatman International, USA) or in 2 mL microcentrifuge tubes in RNAlater® solution (Life Technologies, USA). Plant sap expressed onto FTA cards was air-dried for 30 min and stored at room temperature until processing. RNAlater Solutionpreserved samples were initially stored at 2-8°C and later at -80°C. In total, 1075 samples representing 13 different plant families were collected as follows: 429 samples in 2013, 381 samples in 2014, and 265 samples in 2015. Of these, 612 samples were collected on FTA cards while 463 samples were collected in RNAlater solution. All samples were transported to the University of KwaZulu-Natal, Plant Virology Laboratory (Pietermaritzburg, South Africa) for processing.
On-site Tospovirus detection was done using immunostrips (Loewe® Biochemica GmbH, Germany) that could simultaneously detect Tomato spotted wilt virus (TSWV), Tomato chlorotic spot virus (TCSV) and Groundnut ringspot virus (GRSV), according to manufacturer's instructions. Briefly, 5 mm diameter leaf discs of plants displaying tospovirus-like symptoms were collected into a small plastic bottle containing a buffer solution. The discs were ground using a plastic pestle. Two drops of the resultant sap were added to the test device window and observed for a color reaction in a viewing window. A control line appeared in the viewing window within a minute of sap application, while the test line appeared within 5-10 min in positive samples. Double antibody sandwich enzyme-linked immunosorbent assay (DAS-ELISA) All samples collected in RNAlater solution were analyzed with a commercial TSWV DAS-ELISA diagnostic kit (Loewe Biochemica GmbH, Germany) according to manufacturer's instructions. Briefly, 0.2 g of leaf samples were retrieved from the RNAlater solution using a sterile forcep. The RNAlater solution was removed from leaf samples by wiping the samples on paper towel. The samples were then submerged in 800 μL extraction buffer solution (50 mM sodium phosphate containing 20 mM sodium sylphite) in a 2 mL sterile microcentrifuge and then homogenized with a beads beater for 1 min. The homogenate was centrifuged at 14,000 rpm for 2 min and the lysate used for DAS-ELISA. For every test, negative and positive controls were included. 
Nucleic acid extraction
Total nucleic acid was extracted from FTA card samples as follows: a Harris® punch was used to cut out 4 × 2 mm diameter discs from the card. The discs were place into a 2 mL microcentrifuge in 500 μL nucleasefree water. The tube was pulse-vortexed for 30s. The discs were transferred to a new microcentrifuge tube to which 50 μL water was added and pulse-vortexed for a further 15 s. Thereafter, the discs were heated at 95°C for 30 min, pulse vortexed three times for 5 s and then centrifuged at 14800 rpm for 5 min. The discs were removed from the tube and the eluate was used to perform reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was extracted from leaf samples preserved in RNAlater solution using a Quick-RNA™ MiniPrep Kit (Zymo Research, Irvine, USA) following the manufacturer's instructions. For each sample, about 0.5 g of leaf materials were ground in 2 mL microcentrifuge tubes using a bead beater. The RNA quality was assessed using a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, USA) and stored at -80°C.
Reverse transcription-polymerase chain reaction
First strand complementary DNA (cDNA) synthesis was performed using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA) using both degenerate and TSWV N gene primers (Table 1) . Briefly, for each sample, 10 μL RNA (42 ng/μL) was pre-heated at 65°C for 10 min. Then, a 20 μL reaction consisting of 4 μL reaction buffer (250 mM TrisHCl, 250 mM KCl, 20 mM MgCl 2 , 50 mM DTT), 1 μL RevertAid M-MuLV Reverse Transcriptase enzyme (200 nmol of dTMP/μL), 1 μL RiboLock RNase Inhibitor (20 u/μL), 2 μL dNTPs (10 mM mix), 2 μL reverse primer (10 μM) and the preheated template RNA, was performed. The reaction mixture was incubated at 42°C for 60 min, followed by a 5 min termination step at 70°C. The resultant cDNA was used to perform polymerase chain reaction (PCR).
PCR was undertaken using the primer sets listed in Table 1 . The primer pair gM410/gM870C amplifies the NSm protein, while all the other primers amplify the N gene. One-step 20 μL PCR reactions consisting of 3 μL cDNA, 2 μL of each primer (10 μM), 10 μL KAPA 2G HotStart Ready Mix (0.5 U/μL DNA polymerase, 1.5 mM MgCl 2 , 0.2 mM of each dNTP) and nucleasefree water were performed. Amplifications were carried out under the following cycling conditions: an initial denaturation at 95°C for 2 min; 35 cycles of denaturation at 95°C for 15 s, annealing at the appropriate temperature for each primer pair (Table 1) for 15 s and extension at 72°C for 15 s; followed by an incubation period at 72°C for 5 min. The PCR products were visualized by electrophoresis on 1.5% agarose gel stained with SYBR Safe Gel stain (Life Technologies, USA).
Cloning, sequencing and phylogenetic analysis PCR products corresponding to targeted genes were purified using a QIAQuick DNA Purification Kit (Qiagen, Hilden, Germany) following the manufacturer's Raw sequence data were checked for quality, edited and consensus sequences were compiled using MEGA6 software. The Basic Local Alignment Search Tool (BLAST) embedded in MEGA6 program was used to search the National Centre for Biotechnology Information (NCBI) GenBank for related TSWV N gene sequences (Supplementary Table 1 ) used in phylogenetic analysis. All sequences were aligned using ClustalW imbedded in the MEGA6 software (Tamura et al. 2013 ). The evolutionary history was inferred by using the Maximum Likelihood method based on the Tamura 3-parameter model with a discrete Gamma distribution generated by MEGA 6.0 (Tamura 1992) . The bootstrap consensus tree inferred from 1000 replicates is taken to represent the evolutionary history of the taxa analyzed. Branches corresponding to partitions reproduced in less than 75% bootstrap replicates were collapsed. Iris yellow spot virus (Accession code AF001387.1) was used as an outgroup. Nucleotide identity and similarity were determined using the SIAS software program (www. imed.ucm.es/Tools/sias.html).
Results

Geographical distribution of TSWV in Zimbabwe
Out of the 18 districts surveyed, tospoviruses were detected in Harare (West, East and North), Seke, Goromonzi, Mutoko, Shamva, Mazoe and Zvimba (see Fig. 1 ). The virus was not detected in Bindura, Chegutu, Chimanimani, Chinhoyi Urban, Chiredzi, Gutu, Mutare, Nyanga and Masvingo Urban. TSWV was mainly detected at farms where there is all-year round cropping. The majority (63%) of the TSWVpositive sites were within a 30 km radius of Harare Central Business District.
Field detection of tospoviruses using immunostrips
Tospoviruses were successfully detected from plants displaying leaf chlorosis, necrosis, crinkling and reduced size using immunostrips. The time it took for the test line to appear in the test device window and the intensity of the line varied from sample to sample. Tospovirus incidence was highest in Solanaceae (11.8%) and Cucurbitaceae (6.3%) families. There were inconclusive test results from lettuce (Lactuca sativa L.), onion (Allium cepa L.), begonia (Begonia sp.), baby's breath (Gypsophila elegans) and asters (Aster chinensis). Inconclusive results appeared either as faint test lines or after the standard 10 min viewing period. Tospoviruses were not detected in Leguminosae and Brassicaceae crops (Table 2 ) even though they supported high thrips populations and had virus-like infection symptoms.
Serological characterization of TSWV
Of the 663 samples tested by DAS-ELISA, only 96 (14.47%) were positive for TSWV. The majority (55.2%) of the positive samples belonged to the Solanaceae family, while 20.8% belonged to the Cucurbitaceae family. The alliums, basil, begonia, lettuce and peas samples that were inconclusive with immunostrips were negative by DAS-ELISA, while Gypsophila elegans samples were positive by DAS-ELISA. TSWV was not detected in Brassicaceae and Leguminosae samples by DAS-ELISA.
Molecular and phylogenetic analyses
Amplification products of the expected sizes were detected after agarose electrophoresis of the RT-PCR products of total RNA isolations from leaf material infected with TSWV. The negative controls showed no products. Because of high similarities amongst the TSWV sequences, only representative sequences were deposited into GenBank with the accession codes given in Table 3 . None of the samples that had been negative by DAS-ELISA were positive by PCR even when different primers were used.
The BLAST results confirmed that the identified isolates were TSWV, based on the high levels of sequence similarities with TSWV isolates from other countries. When compared, the partial N gene of the Zimbabwean isolates showed at least 99.02% and 93.99% nucleotide and amino acid sequence identities and similarities, respectively. Isolate 81-cherry-zim (Accession code KX192329) had the lowest similarity (93.99-99.51%) to the other Zimbabwean isolates (Tables 4 and 5) . When compared to isolates from elsewhere in the world (Supplementary  Table 1 ), Zimbabwean isolates were most closely related to isolates from Italy (Accession code KM096540), New Zealand (Accession code KC494501) and Montenegro (Accession code GU355939) at 98.64-99.15% nucleotide sequence identity. The Zimbabwean isolates were most similar to the Montenegrin isolate (code GU355939) and (Fig. 2) . All Zimbabwean isolates were in Cluster A with isolates from Algeria, Egypt, Kenya, some European, Asian, and the American countries. Cluster B had isolates from South Africa, China, Syria, Bulgaria, Brazil, Turkey, South Korea and Texas (USA). The Zimbabwean isolates grouped into a distinct sub-cluster in Cluster A.
Discussion
The study confirmed the presence of TSWV in Zimbabwe, a pathogen first reported in 1940 (Hopkins 1940) . It was detected in 50% of the surveyed districts. TSWV was not detected in some districts even though two of its vectors, Frankliniella occidentalis and Thrips tabaci, were detected (data not shown). This could be due to the fact that there has been limited movement of infected plant material and/ or vectors within the country. Eight of the nine districts where TSWV was detected are in agro-ecological region II, the country's bread basket region. Any serious future TSWV disease outbreaks could be disastrous given the economic damage the disease causes (Cho et al. 1996; Pappu et al. 2009 ).
In this study, immunostrips were used to detect TSWV for the first time in Zimbabwe. This is important as immunostrips provide an easier-to-use and quicker detection technique than DAS-ELISA, electron microscopy and molecular assays. Immunostrip-use during field sampling ensured that mostly virus-positive samples were collected for further processing in the laboratory. The time variation in the appearance of the test line in test device window was probably due to differences in virus titre within the samples. The test line quickly appears in those samples that have high virus titre and vice versa (Strange 2003) . Similarly, inconclusive results could be due to low virus titre or cross-reaction of antibodies with plant sap (Naidu et al. 2003) .
The use of RNAlater solution and FTA cards during sampling was important as it enabled virus-infected samples to be conveniently transported to the laboratory for further characterization. In this case, there was no need for dry ice and/or refrigeration facilities to preserve RNA integrity in the collected samples. Crucially, RNAlaterstored samples were successfully used in TSWV detection by DAS-ELISA. Stabilization buffers are said to contain enzyme inhibitors that potentially interfere with ELISA. We did not observe such interference either in this or the other studies where we screened samples for Iris yellow spot virus Gubba 2017a, 2017b ) and other viruses (data not shown). RNAlater-stored samples had previously been used to perform ELISA by Blacksell et al. (2004) and Rader et al. (2008) .
The identity of the virus detected by immunostrips and DAS-ELISA was confirmed by molecular assays. The molecular assays also helped to resolve the TSWV status of samples that had been inconclusive and/or negative by serology. This is the first time molecular assays had been employed in characterizing TSWV in Zimbabwe. Given that there were no records of how TSWV was characterized in Zimbabwe, this study provides protocols that could either be adapted or adopted by other researchers studying the pathogen. Crucially, the protocols could enable early detection and correct characterization of TSWV for effective disease management (Awondo et al. 2012) . Host range records indicate that Zimbabwean TSWV was prevalent mainly in ornamentals and solanaceous crops (Rothwell 1982; Masuka et al. 1998) . Amongst the ornamentals, this study detected the virus in Chrysanthemum morifolium and Gypsophila elegans only. The narrow ornamental host range observed could be attributed to the fact most of the flowers previously reported to be TSWV hosts are no longer being grown in the country. Zimbabwe's land reform program negatively impacted the floriculture sector as Bnew farmersĉ oncentrated on maize, soybean and tobacco production at the expense of flowers which are highly capital-intensive. For the first time, TSWV was detected in the cucurbits Cucucrbita moschata, C. pepo and Cucumis sativus, an indication that the host range is expanding. Worldwide, TSWV infects over 1300 plant species (Parrella et al. 2003) , and this host range is also expanding (Nischwitz et al. 2006; Pappu et al. 2009 ). Host range expansion is attributed to the generalist and opportunistic survival mode of TSWV (Pappu and Subramanian 2013) . Though TSWV was not detected in all cucurbits grown in Zimbabwe, there is high likelihood of the virus infecting them in future, as has been reported elsewhere (Sether and DeAngelis 1992; Massumi et al. 2007) . So, there is need for regular surveys to monitor the TSWV host range.
TSWV was mostly detected in solanaceous crops, indicating that they are highly susceptible to the virus. Of the solanaceous crops, infected tomatoes did not display severe disease symptoms. This could be attributed to the fact that most tomato varieties grown in Zimbabwe have the Sw-5b resistance gene (data not shown). The virus was not detected in tobacco, a major cash crop in Zimbabwe. Local tobacco breeding programs incorporate TSWV resistance, and local TSWV isolates probably have not yet been able to break the resistance.
The fact that Zimbabwean TSWV isolates have high nucleotide and amino acid identity and similarities shows that minor evolutionary differences exist amongst the isolates. However, the minor isolate differences are evidence of some mutations taking place. There is need to carry out population genetics studies to investigate the systematic and random forces of evolution acting on the isolates.
Besides Zimbabwean isolates, the only other African TSWV isolate sequences that could be retrieved from sequence databases are from Kenya (Macharia et al. 2015) , South Africa (Sivparsad and Gubba 2008) , Egypt and Algeria. The Zimbabwean isolates clustered in the same group with Algerian, Egyptian and Kenyan isolates, but separately from South African isolates. This suggests that there may have been multiple introductions of TSWV into Africa (Sivparsad and Gubba 2008) . The TSWV isolates in this study did not group according to geographical origin, as previously reported by Zindovic et al. (2014) . This could be due to global trade in plant products which has resulted in TSWV strains spreading throughout the world.
In conclusion, the study revealed that TSWV in Zimbabwe is not as geographically widespread as its two worldwide vectors, F. occidentalis and T. tabaci. However, the virus host range is expanding. The virus detection techniques and characterization protocols employed to study TSWV could be employed to characterize other plant viruses in Zimbabwe.
